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Page 1, last line of SUMMARY: Change 7 to 5.

Page 3, last line: Change 7.12 to 6.48.
Page 7, line 3: Change 7.12 to 6.48 and 72 to 79; last line of
third full paragraph: Change 7 to 5.

Page 8, last line of second paragraph of CONCLUSIONS: Change 7 to
5.

Page 12, table I(c): Change contraction ratio from 7.12 to 6.48;
multiply each value in the six columns for characteristic exhaust veloc-

ity and for uncorrected and corrected combustion efficiency by the fac-
tor 1.093.

Page 17, figure 2: Change throat diameter of 1.123 to 1.18l1, and
contraction ratio of 7.12 to 6.48.

Pages 18 to 22 and 26: Replace figures 3, 4(a) to (d), and 7 with
attached figures.

Pages 24 and 25, figures 6(a) and (b): Change contraction ratio of
7.12 to 6.48.
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Figure 3. - Comparison of experimental and theoretical combustor

pressures for all experimental conditions.
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Figure 4. - Continued.
various parameters.

Variation of averaged efficiencies with
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TECHNICAL NOTE D-258

PROPELLANT VAPORIZATION AS A CRITERION FOR ROCKET-ENGINE DESIGN:
EXPERTMENTAL EFFECT OF COMBUSTOR LENGTH, THROAT DIAMETER,
INJECTION VELOCITY, AND PRESSURE ON ROCKET
COMBUSTOR EFFICIENCY

By Bruce J. Clark

SUMMARY

The efficiency of a heptane-oxygen rocket combustor was measured
for various combustor lengths, contraction ratios, and injection veloc-
ities of the heptane. Combustor pressure varied concomitantly with
these parameters. Plots of combustion efficiency with each of these
combustor parsmeters show that efficiency increases with injection ve-
locity, pressure, combustor length, and contraction ratio, except at
some of the lower contraction ratios and injectlon velocities.

Considerable scatter results from correlating the data on the basis
of the effective length used in analytical vaporization-rate calcula-
tions, with either a constant drop size or drop sizes predicted from
cold-flow measurements. This scatter may be explained by the wider range
of experimental parameters than used in the analytical calculations, and
by the inaccuracies in using cold-flow drop-size measurements under
rocket conditions. The factors necessary to produce agreement between
the analytical calculations and the experimental results are calculated
and called apparent drop sizes. ™These apparent sizes are of the same
order of magnitude and show the same trends as drop sizes measured in
cold-flow tests. They show a maximum size at a contraction ratio of
about 7.

INTRODUCTION
In the study of the parameters that control the combustion process

in a rocket combustor, it s desirable to isolate and evaluate the ef-
fect of changes in each pasrameter individually. Previous studies (refs.



1 to 3) have shown the effects of changes in tuel temperature, injector
hole size, and propellant combination on the efficiency of combustion.
The present study is concerned with the effects on combustion efficiency

of changes in throat diameter, injection velocity, and combustor pressure.

Experimentally, these factors are not all independent. A change in
throat diameter produces not only a change in gas velocity in the combus-
tor, but also in the combustor pressure and in the drop sizes formed by
the injector. Changes in injection velocity also cause variations in
combustor pressure and in drop sizes.

The concept used to analyze the observed effects is that of a com-
bustion process limited in its rate by the vaporization of the propel-
lants. Analytical calculations (ref. 4) based on this concept have pre-
dicted propellant vaporization rates under various conditions of pres-
sure, gas velocity (or contraction ratio), injection velocity, drop size,
and initial drop temperature. These results have been correlated by fac-
tors modifying the length of combustor required to vaporize a given per-
centage of the propellant.

This study used a liquid-heptane - liquid-oxygen rocket combustor
of from 85- to 400-pound nominal thrust, depending on the propeliant
flow rate. Combustor length, throat diameter, and injection velocity
were each varied over a four-to-one range. The injector used pairs of
impinging like-on-like Jjets to form parallel sheets of heptane and oxy-
gen and was designed to vaporize the oxidant rapidly so that the effects
on fuel vagporization could be studied.

Characteristic exhaust velocities c¢¥, measured experimentally, are
used to evaluate the efficiency of combustion. The experimental effi-
ciency 7 (c*/e}, .,p)s corrected for heat loss and momentum pressure
loss, is first averaged as a smooth function of injection velocity at
each contraction ratio and combustor length. The effects of the various
parameter changes on these averaged results are shown graphically. Ana-
lytical and experimental data are compared on the basis of the value of
n &t modified combustor lengths. Apparent drop sizes that will corre-
late the analytical and experimental data are calculated and compared
with drop sizes that would be predicted by reference 5.

SYMBOLS
&  contraction ratio
c*  characteristic exhaust velocity, ft/sec

d nozzle throat diameter

¥9S-H
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L total length of cowmbustor, in.
1 length of cylindrical portion of combustor, in.
leg effective length (eq. (1))

ZN axial length of convergent portion of nozzle, in.

P combustor pressure, lb/sq in.
T, mass-median drop radius, in.
S nozzle shape factor, Volume of convergent portion of nozzle/Volume

of equal length of chamber
Tr  initial reduced temperature of drop

u velocity of gas, ft/sec

v, injection velocity, in./sec

1 c* efficiency, percent of theoretical characteristic exhaust
velocity

g geometric standard deviation in drop sizes

APPARATUS AND PROCEDURE

The rocket combustor consisted of an Injector, cylindrical chamber,
and convergent nozzle in separable units. The nominal thrust varied
from 85 to 400 pounds.

The injector (fig. 1) used like-on-like impinging jets to atomize
both fuel and oxidant. To improve the distribution of propellants, two
palrs of fuel jets and six pairs of oxidant Jets were used. The spray
sheets formed by these jets were all parallel. Fuel and oxidant jet
diameters were 0.0595 and 0.0465 inch, respectively. These sizes corre-
sponded closely to the orifice diameters for the 50-pound-thrust engine
of reference 2. The V-shaped grooves in the injector face allowed more
room for the spray sheet formed by the impinging Jets. Holes for igni-
tion by sparkplug and for sensing combustor pressure were provided
through the inJjector face.

The rocket chambers were copper cylinders 3 inches in inside diam-
eter and 4, 8, 12, and 16 inches in length. Six nozzles (fig. 2) with
throat diameters from 0.557 to 2.30% inches gave contraction ratios of
29.0, 19.1, 14.4, 7.12, 3.62, and 1.69.



Combustor pressure was measured both by a recording Bourdon-tube-
type instrument and by a strain-gage transducer coupled to a multichannel
recorder with galvanometer elements. Pulses from rotating-vane flow-
meters were electronically counted for both fuel and oxidant flow rates.
These signals were also recorded on the multichannel galvanometer.

Maximum errors of pressure transducers and flowmeters were 1 and
12 percent, respectively. Resultant maximum error in m was 3 percent;
reproducibility was about 12 percent.

Total propellant flow rates varied between 0.5 and 2.0 pounds per
second, corresponding to fuel injection velocities from 45 to 180 feet
per second.

Oxidant-to-fuel weight-flow ratios were between 2.16 and 2.42. Com-
bustor pressures were kept between 40 and 560 pounds per square inch ab-
solute. All runs were of 3-second duration. Values of 7 were calcu-
lated from measured combustor pressure, total flow rate, nozzle throat
diameter, and from the theoretical values of c* (ref. 6).

RESULTS

Experimental results for individual runs are given in table I. Char-
acteristic exhaust velocity efficiencies n wused in this report are cor-
rected for heat-transfer loss and momentum pressure loss (ref. 7). Heat-
transfer measurements of reference 3 with modifications for pressure,
gas velocity, and 1 as shown in appendix D therein were used to calcu-
late heat-transfer rates in this study.

Crossplots of the data were made possible by averaging the experi-
mental data. In averaging, the experimental efficiency was assumed to
be a smooth function of injection velocity at any particular combustor
length and contraction ratio.

The averaged data are summarized in figure 3 as a comparison of ex-
perimentally measured pressures with theoretical pressures for 100-percent
combustion efficiency. The interdependence of pressure, contraction ra-
tio, injection velocity (roughly proportional to total weight flow), and
n for this set of experiments is illustrated by this figure.

Figures 4 show the variation of 7 with various parameters. The
effects of these parameters cannot be shown independently, since, as men-
tioned earlier, it was not possible experimentally to vary them independ-
ently. A number of apparent irregularities in the data and discrepancies
between experimental and vaporization-analysis results exist 1n these
figures. An explanation of these is suggested in the DISCUSSION section
of this report.
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The effect of injection velocity on 7 1is shown in figure 4(a).
The pressure level 18 also increasing with injection velocity and con-
traction ratio. In general, n increases with injection velocity and
pressure, except at small contraction ratios and injection velocities.
This trend agrees with the effect of pressure predicted by analytical
vaporization-rate calculations (ref. 4), but is opposite to the predicted
effect of injection velocity.

In figure 4(b) is shown the variation of n with respect to com-
bustor pressure rather than injection velocity. In this figure injection
velocity is varying with pressure. Generally, an increase in pressure
tends to increase 1. This is in agreement with analytical calculations.

The variation of n with combustor length can also be shown, as in
figure 4(c). Combustor pressure is also varying in this figure. The ef-
fect of length on 1 1s generally greater at the low contraction ratios
and short lengths.

Figure 4(4) shows that 1n increases generally with contraction ra-
tio, again with pressure varylng with injection velocity, contraction
ratio, and 7. According to the analytical calculations, n should de-
crease with an increase in contraction ratio only.

DISCUSSION

As was pointed out earlier in this report, the experimental results
cannot be directly compared with the analytically calculated results of
reference 4, because several of the experimental parameters change simul-
taneously. To make a better comparison with the analytical results, the
experimental data should be plotted against the effective length used as
a correlating parsmeter in reference 4, where

of "\ 404 0.220.33 r. \l1-45,, ,0.75
(l _ TR)O.4:( m ) ( Q )
0.003 1200

The variation of experimental 1n with effective length is shown in
figure 5(a). All of the factors in the effective length can be calcu-
lated from measured gquantities except the drop-size factor. A constant
value of rpy = 0.004 inch was chosen for this figure to make the experi-
mental effective lengths comparable with the analytical.

To make possible the comparison shown in figure 5 betwéen the ana-
lytical calculations of reference 4 and the experimental results, it is
necessary to convert the analytical data from percent fuel vaporized to
n. This conversion can be made with the use of reference 4, provided



the relation between percent oxidant and percent fuel vaporized is known.
In the present study, hole sizes and injection veloclties were such that
the ratio of oxygen drop sizes to heptane drop slzes predicted from ref-
erences 5 and 8 was about 0.75; the resulting ratio of effective lengths
of oxygen and heptane was 1.5. ZFrom this ratio and the calculated
percent-vaporized curves for oxygen and heptane, the ratio of percent
oxygen vaporized to percent heptane vaporized was calculated. The ana-
lytically calculated values of percent heptane vaporized were then con-
verted to 1 using the method of reference 4. A standard deviation in
drop sizes of o0 = 3.6 was assumed.

One reason for the larger spread in the experimental data in figure
5 is the wider excursions in pressure and contraction ratio in the exper-
imental study than in the analytical study, as shown in the following
table:

Parameter Analytical [Experimental
calculations data
Combustor pressure, P, 1b/sq in. abs 150-600 40-560
Injection velocity, vy, ft/see 50-200 45-180
Contraction ratio, & 1.65-12.6 | 1.69-29.0
Mass-median drop radius, Ty, in. 0.001-0.009| Unknown
Temperature factor, 1 - Ty 0.441-0.719} 0.44-0.49

Another reason for the larger spread is that the initial drop sizes prob-
ably are not constant as assumed, but vary with the other experimental
parameters.

An endeavor to reduce the scatter in the experimental data was made
by using measured drop sizes in the effective length. These drop sizes
were calculated from the original data measured in the cold-flow tests
of reference 5 and are shown in figure 6(a). Drop sizes are shown as a
function of gas veloclty as well as injection velocity. Drop sizes were
modified for the variations in gas density in the combustor caused by
changing the injection velocity and contraction ratio. As in reference
8, the drop sizes were assumed to be inversely proportional to the
quarter-power of the gas density. Discontinuities in the slopes occur
whenever the injection velocity and gas velocity are equal.

As an estimate of the conditions that might be expected in the
rocket combustor, the gas velocity effective in drop formation was as-
sumed to occur at a fixed distance downstream of the injector (i.e., im-
pingement point, or point of spray-sheet breakup), and thus to be

¥95-
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inversely proportional to both contraction ratio and local gas density.
For a reference point, the gas velocity was assumed to be 75 feet per
second for a contraction ratio of 7.12 and efficiency of 72 percent (8-
in. combustor length). The resulting curves at each engine condition
are shown in figure 6(b). Using these drop sizes of figure 6(b) in a
plot of performance against effective length does not appreciably de-
crease the scatter found in figure 5.

There 1s considerable uncertainty in applying these drop-sizg meas-
urements to rocket combustor conditions, because (1) the gas velocity ef-
fective in determining initial drop size is not known inside the combus-
tor; (2) drops are formed in an accelerating gas stream rather than a
constant-velocity stream; (3) cold-flow measurements were made at only
one injection velocity for the orifice diameter used in these rocket com-
bustor tests; (4) gas densities in the rocket combustor varied consider-
ably in these tests and were different from the air density in the cold-
flow tests; and (5) the effect of other processes in the combustor, such
as evaporation from liquid surfaces, is unknown.

As has been shown, considerable scatter remains in the data with
the assumption of either a constant drop size or a size predicted by ref-
erence 5. If this scatter is assumed to be primarily due to drop-size
variations, apparent drop sizes can be calculated that would make the
averaged experimental rocket combustor data agree with the average curve
of the analytical calculations (fig. 5(b)). These drop sizes are plotted
in figure 7 for the different combustor conditions, assuming a standard
deviation of 3.6 for the drop-size distribution. It is important to note
that any inaccuracies or inadequacies in experimental data, vaporization
hypothesis, and other assumptions are included in these apparent drop
sizes.

The apparent drop sizes are of the same order of magnitude as those
measured under cold-flow conditions. Generally, the apparent drop sizes
first increase and then decrease with increasing injection velocity.

The maximum points may correspond to the points of discontinuous slope
at conditions of equal gas velocity and injection velocity shown in fig-
ure 6. The apparent drop sizes &lso increase and then decrease with in-
creasing contraction ratio, the maximum sizes occurring at a contraction
ratio of about 7, & trend also in accord with figure 6(b).

In figure 8 the apparent drop sizes of figure 7 are used to calcu-
late effective lengths for each of the original runs. The scatter in
the points is due to scatter in the original data, since the curves of
figure 7 are calculated from averaged data. The scatter is about the
same as the spread in the analytical calculations reproduced here from
figure 5(a).

The first impression from the averaged performance curves in flgure
4 is that there are a number of irregularities that would not be predicted



by a vaporization-rate-limited model of the combustion process. However,
drop-size variations such as shown in figure 7 are adequate to conform
all of the lrregularities in the original averaged data to a vaporiza-
tion model.

In testing the validity of the vaporization-rate-limited combustion
model, it is of critical importance that measurements or reliable methods
of prediction of the drop sizes within a combustor be obtained. It is
not possible to make such an evaluation with the data of this study,
since a change In any of the controllable parameters produced an unknown
change in drop sizes as well.

CONCLUSIONS

A liquid-heptane - liquid-oxygen rocket combustor was operated at
various conditions of contraction ratio, chamber length, and injection
velocity. Experimental efficiency generally increased with combustor
length, pressure, contraction ratio, and injection velocity, except at
low values of contraction ratio and injection velocity.

Apparent drop sizes that make the analytical calculations agree
with the experimental show similar trends and are of the same order of
magnitude as drop sizes measured under cold-flow conditions. Both appar-
ent drop sizes and measured sizes show a maximum at a contraction ratio
of about 7.

Further work is needed to determine the actual drop sizes and their
gas-velocity environment within a rocket combustor.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, October 8, 1859
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CE-2 back

-
’.—J

TABIE I. - CONTINUED. EXPERIMENTAL RESULTS

(b) Contraction ratio, 3.62.

Run | Combustor | Fuel weight| Oxldant Traracteristic| Combustion efficiency, || Run Tombustor | Fael welght| Oxidant Characieristic] Combustion efflciency,
[pressure, P, flow, welght flow, exhaust [pressure, P, flow, W exhaust n
ib/sq in. abs| 1b/sec ib/sec veioelity, t/sq 1n. abs [ 1b/sec veloclty,
%, rt/sec Uncorrected| Corrected? c*, fr/sec Uncorrected | Corrected®
Compustor length, L, 4 in. L, 8 in.

197 46 G.488 4160 70.0 §8.9
87 8 642 3380 67.0 55.8
592 56 670 64.6 £3.4
94 [ 870 £6.1 85.6
589 61 855 68.6 87.5
267 337 66.3 £5.2 4410 .2
265 .338 65.6 54.5 4330 2.3
566 340 67.5 66.4 4293 .3
570 374 84.8 £3.7 4420 4
569 380 64.5 63.5 4350 2
9 4470 3
57 4410 .2
4520 1
173 | 4480 5
5 89 4460 5.1
4480
1480
4490
4430
4480
4450 4.9
4€7C 7.8
L, L, 17 tn.

4 85,4
L. 5 374
3 83.9
400 - : 3 81.9
4830 2 1. 3 83.1
4700 : ‘8.5
£72n 4 3.5 . 83.3
4630 .3 7.3 S 85, 93,
4970 83.7 83,5
4730 73.6 19.0 4950 53.3 A3.0
4800 59.8 80.2 1980 B3.8 83.5
4590 773 76.6
4700 79.1 . 5000 .1
4680 8.8 5000 3
5080 5
4800 .5 6.8 SU8D 5
4640 .1 7.4 £020 .5
46840 1 7.4
4630 i 77.3 5620
4620 .8 77.2 1ol
5050
885 77.8 5090
891 78.1 £010
835 77.8
. 2g0 8.9
982 78.3

. .9
1. -1
1 -2
B .8 86.0
2 ¢ PG
1.

1.
1.
1.
. 82.8
. 79,7
#0.3 '9.5
41.0 80.2
84.1 83.4
84,2 83.4
84.1 83.4
82.6 81,9
82.6 81.9
52.9 B2.2
84.3 83.7
84.3
84,1
84.1
83.7
82.6
82.8
81.9
82.t
82.6
1020 594 83.5 82.8
1018 s92 84.0 83.3

3Fcr heat-transfer loss and

um pressure loss.
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TABLE I. - CONTINUED. EXPERIMENTAL RESULTS

(¢) Contraction ratio, 7.12.

Run | Combustor | Fuel welght |  Oxtdant Craracterlstic | Combustion efflclency, Combustor | Fuel welght Oxidant Cheracteristiz| Comoustion efficiency,
pressure, P, rlow, welght fiow, exhaust n pressure, P, flow, welght flow, n
1b/3g in. abs 1b/sec 1b/sec veloctity, 1b/sq in. abs 1b/sec 1b/se
Uncorrected | Corrected?

%, tr/sac

Combustor length, L, 4 in. Combustor lengt

3 ‘ A .431 &u.5
i .3 (454 77.3
< € 434 79.5
85 3 423 79.9
83 1 572 6.2

a9 .9

109 -3

.8

.6

5.3

65.1

66.1

66.1

87.¢

SR

16
816
14 .3
l &
3
4m I
Re
EEl
U

492
a9z 4360 7y
894 476 3

kS
LRLiem

RN

oo

T

aan 248
e I

Combustor length, L, 4 In.

FHC-

mbustcr lengin, L,

v.4ay
Lane

148 .23€ 30,3
151 235 8.3
168 332 6
334 .8
1 .340 .2
187 .368 9
188 372 .
189 372 &
220 429 .9
221 431 .3
222 435 a1.5
239 454 82.9
462 82.1
| 462 82.0
253 486 81.8
266 .5
266 2
281 .6
282 .8
282 6
283 .6

a
For neat-transfer loss and momentum pressure loss.
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TABLE I. - CONTINUED. EXPERIMENTAL RESULTS

(d) Contraction ratio, 14.4.

Run | Combustor | Fuel weight | Oxldant Characteristic| Combustion efficlency, | Run Combustor | Fuel weight| Oxidant Characteristic | Combustion efficiency
pressure, P, flow, weight flow, exhaust n pressure, P, flow, welght flow, 7
1b/sq in. abs | 1b/sec Iv/sec velocity, Ib/sq in. abs| 1b/sec Yo/sec velocity

c® ft/sec | Uncorrected |Correctedﬂ %, ri/s Urcorrected| Corrected?
Combustor length, L, 4 in. Combustor length, L, 8 in

737 145 0.153 0.357 4490 < 75.9 855 178 0.170 0,408 4800 80.8 81.5

739 146 145 2347 4680 8.7 79.1 856 176 .168 404 4860 81.8 82.5

738 146 154 330 4570 77.0 7.4 858 177 182 R

736 147 158 342 4640 78.1 78.5 857 177 184

743 169 176 a4 4530 6.2 76.5 849 197 8

741 176 416 4500 5.7 76.0 851 199 .201

KH | 277 412 4530 76.2 6.5 852 199 201

732 213 223 526 4500 5.7 76.0 850 200 194

734 215 226 526 4520 76.1 76.4 255 201 .10

733 215 226 528 4510 75.9 76.2 256 231 193

710 230 .245 580 1410 4.1 4.4 846 244 239

711 232 243 .576 4480 5.4 5.7 845 244 243

112 234 245 578 1490 5.6 5.9 848 245 .238

715 273 .275 s62 1600 77,4 7.7 847 245 239

714 273 281 662 4580 77.1 7.4 261 248 238

713 274 .286 +680 4570 17,0 77.3 259 244

716 311 317 744 4630 '8.0 8.3 260 245

717 312 317 1746 4640 8.1 8.4 818 271

718 312 32 746 4620 7.9 8.2 819 269

107 348 354 .82¢ 4660 4,4 78.7 821 .21

351 828 1630 3.0 79.3 263 292
354 821 4700 9.1 79.4 264 282
380 .693 4750 9.9 80.3 252 282
380 831 4790 80.6 A1.0 833 317
383 .891 4770 80.4 80.8 83¢ 311
724 413 982 4810 80.9 81.3 822 326 307
ree 413 955 4810 80,5 218 266 327 317
23 415 L9865 5760 80.1 8c.5 267 sen 208

728 442 1.019 4810 81.0 8.4 824 328 310

725 138 1.040 4810 80.9 81.3 265 32y 17

726 451 439 1.028 4860 81.8 82,2 823 330 307

727 435 428 1.007 5010 834.3 84,7 270 366 341

745 501 .484 1.138 4890 82,3 82,7 827 342

746 503 479 1.143 4900 82.5 82,9 826 344

744 503 492 1.126 4910 82.6 83.0 269 . .35

Combustor length, L, 12 in. 268 367 341
925 367 348

927 200 0.188 0.436 5070 85.4 86.6 211 400 388

925 201 191 1451 4940 83.2 4.3 829 403 377

922 202 .188 439 5090 85.7 86.9 828 403 379

926 202 189 44 5040 84.9 86.1

929 245 229 .536 5060 85.1 86.3 830 404 374

835 434 403

228 245 .229 538 86.2 836 434 407

330 246 .229 531 87.2 337 435 406

380 . .229 543 85.9 431 438 102

382 250 280 852 2.1

368 323 303 715 85.5 832 439 400

H40 482 426
.291 .697 89.4 838 126
301 702 87.9 839 | 431
.30 .97 88.7 641 464 432
N 699 88,0
313 728 [N w13

B2

935 356 .341 754 87.4 844

374 366 .336 810 86.1

364 392 364 .855 5080 85.6

1112 295 0.271
1113 296 273
1114 297 27

1115 338 .306
1117 341 306
1116 341 309
1123 375 332
1118 376 332
1118 377 332
1120 377 332
1122 379 344
1121 380 .343
1125 411 365
1126 412 366
1124 112 310
1128 446 379
1129 447 383
1127 449 399
1131 481 .12
1132 481 415
1133 508 444
1134 509 445
1135 510 433
1136 512 435

8For heat-trensfer loss and momentum pressure 1oss.
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TABLE I. -

CONTINUED.

EXPERIMENTAL RESULTS

(e) Contraction ratio, 19.1.

R 2 mbust Fuel welght Nxidant Combustion effictens Rur Fuel welgnt| Oxidant Characteristic| Combustion efficlency
flow, welght £f n iow, wetght flow, exhaust n
1o/sec 1t “se 1y, 1b/sec Ib/se velocity,
f1/30c Uncorrected lr c*, ft/sec Uncorrected | Correctea?|
Combustor length, L, 4 in Combustor engtn, L, 8 in.
209 $.165 2.339 4840
RS 169 L399 4830
169 399 483C
2 o 171 397 4835
s » 176 392 4830
334 4810
436 4880
iEY L4486 4780
164 WA3Y 4870
160 141 4880
284 4850
car 5010
284 5030
353 43950
334 4950
EAT) 4950
33 489C
35 5350
Zon 4950
3ist 4930
430 304 . 504C
432 303 . 5070
432 504 . 5080
434 305 . 511¢
167 478 L32T . 3120
08 Lo 84 5136
LO8 L5EL 796 5080
761 s 663 .846 5270
.84 5280
Combustor length, L, .846 530
852 5290
54 0,380
B L2 Combustor length, L, 16 1n.
B LBie
3 3u4 0.163 .3 5210
z 174 .164 38 5160
L1683 .38z 519C
179 429 5160
Lt 432 5110
Ll8e 51UL
178 318U
N 3260
198 5170
209 514C

apom

heat-transfer 10ss and momentum pressure loss.

F5HEO-NT
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Serrations for
3-I.D. cylindrica

combustor

10-mm Sparkplug .”” /4 /\\\as%aia
=2

Six sets of

oxidant impinging >
jets, 0.0465
orifice diam.

Two sets of fuel
impinging Jjets,
0.0595 orifice
diam.

- =

1/16 Combustor
pressure-tap
hole

90°

<

;
3/8 i
! ) ¥
_— — 1/4 Diam.
—X
A B
Fuel 0.0595  0.088

Oxidant  0.0465 0. 0863

Section A-A, enlarged
impinging-jet detail

Figure 1. - Rocket injector (dimensions in inches).
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CH=-5

5% N
: |
Y
1/4
t o
1L | /%
1 Rad.
d
‘4 Diam. >
535 .
3
i 1}4 \ 7
T |
r , },E}*,"Lf
L L 2. 309 |
e B 4 Diam. '

Throat
diam. ,

in.

1.577
1.123
<791
. 687
. 557

2.309

Figure 2. - Rocket nozzles (dimensions in inches).

=
-1

Contraction
ratio, o

3.62

7.12
14.4
19.1
29.0
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- Comparison of experimental and theoretical combustor

pressures for all experimental conditions.

Figure 3.




o
—

*sasjeweded SNOTJBA Y3TM SOTOUSTITIJFO DPOBBJIGAER JO UOTABTJIBA - *% 3an3TJd

couamssoad 8TQRTJIBA Y3TM £3700T8A UOT308[UT T8Ny Jo 398354 (®)

owm\p_« €05 fL4700T@A UOTAORFUT Tond

[¢15) oe 06 ol 0ST 06 0 012 0GT 06 0ot 081 [oFA 09 08I Owwv
Q9
14 g
¥ 4 \1/ \ /
N AN 8 39
N N
L = \ L
= g
1 Y e ;
L~ L g u — 9L
AP
\ \ . \ | \ / L~ _/
7 74 08
’ \ e o1 /
\ s A ] ] 91 o1
\ \ 8, . , [ T/ e
m\ \ 21 \ NH\\] utr 1 ‘up ‘T cur /nm
T \ \ ./) \\ M e fyq3ust €
1 1 J038Nquo)
\\&H “ \ e
/
*ut ‘1 uE T
ek
0° 62 6T ¥y 21 L 23°¢ 691
001
. \.aoﬂumnh
UOT]0BIJUOD
4 4 1 .
FPS-H Jjo®q £-HD

ol
*

J3d

‘Louator

%L



20

E-044

*gaxsqoureaTed SNOTJIRA UITM SOTOUSTOTIIS PoFBISAB JO UOTFIBTIBA

*panuTUO) -

*£3700ToA UOT3Oa(UT STQETIBA UFTM aanssaad Jojsnquod Jo 329F3H (4)

‘uf dm\p._” ‘g f‘oumssaxd Jo3sNQUOY)

009 007 00¢ 00¢ 00T 08 09 (037% 0o¢
_ [ [ _
0°'62 —_———
T°61 —_——
5T ———
2T "L —_———
29'¢ ——————— 4 N\
69 °T
' o e e,
QOHMW@MMWMM —7 d T~
L—" - VTN /Ir//ﬁ
/N
S
VA-rI//NH
/l
ot
«&\ /
\ //,/ 9T
\NWNWLliJ. ZTToT N o1
1 \m\‘ 9T | wyr ¢7 ‘gaSueT x03sNQUO)
7
T
9T

% omIT4

0s

09

0oL

08

06

00T

% ‘U “LOUSTOTIIN %2




E-544

100
Injection
veloci;y,
[ vy ft/sec L
5 s 80 75/r/
a
7 = T =
,// ////’ // pts
80 /| Lo ] /1: /
4 / 4 74 7
4 /
7
I/ ’4»‘/“:/
70 — Contraction _| 2 y/
ratio, o - 4
e 1. 69
------- 3.62
60 F— ———e—o 7.12
—— 14.4
—_——— 19.1
100 — 29.0
80 105 | 120] A
30 L P // P ',/
1 A ’
% ,
A ,//’ / '// /l
& // / Y s / / /]
2 80 // i / //
(4] ’
=1 v VY
o Wd yd /7
o 7" 77 /7
a Y P ";/
5 70 P yA Y
/ 7 //I
. / /
60 /
100
135/ L~ 150 180
90 /,
/]
4 7
/ -y
80 > -
» 7/
// // / ,/ 4
'/ / '/ Z A V4 ,/
' 4
7 7, ,
/ / /
70 + 7 +
/7 784 y
/ / /
60 / ,/
50

8 16 O 8 16

Combustor length, L, in.

0

(¢) Effect of combustor length with variable pressure.
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Figure 4. - Continued. Variation of averaged efficiencies with
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Figure 4. - Concluded.
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Flgure 8.

NASA - Langley Field, Va. E—544:

Effective length, l.p, in.

- Correlation of experimental data by drop sizes of figure 7.



